Summary: Male Wistar rats were exposed to immobilization stress for 30 to 120 min. Changes in the levels of serotonin (5-HT) and its major metabolite, 5-hydroxyindoleacetic acid (5-HIAA) were determined in six brain regions. Immobilization stress virtually did not affect 5-HT levels at any time with the exception of a significant increase in 5-HT levels in the amygdala at 30 min. In contrast, within 30 min, immobilization stress caused significant increases in 5-HIAA levels in the hypothalamus, amygdala, hippocampus, cerebral cortex and pons+med. obl. Significant increases in 5-HIAA levels were observed at 60 min in the hippocampus and at 60 and 120 min in the pons+med. obi., while 5-HIAA returned to control levels in the other regions at both 60 and 120 min. After an i. p. injection of probenecid at 200 mg/kg, the stressed rats showed significantly higher 5 -HIAA levels in the hypothalamus, thalamus, amygdala, hippocampus, cerebral cortex and pons+med. obi. within 30 min as compared to those in the non-stressed rats, however, these increases were continued in the thalamus and hippocampus even at 60 and 120 min. Plasma corticosterone levels were significantly increased at 30 min and were manitained at the same levels for up to 120 min of stress. These results suggest that immobilization stress causes increases in 5-HT turnover in many brain regions including the hypothalamus and that the increases in most regions, in particular, in the hypothalamus and amygdala, occur rapidly and transiently.
Introduction
Stress can cause changes in the levels of biogenic amines in the rat brain. Many types of stressful stimuli enhance noradrenaline (NA) turnover in the brain regions of rats and several characteristics of stressinduced increases in NA turnover in the brain regions have also been reported (Tanaka et al. 1980; 1982a; 1982b; Nakagawa et al. 1981a; Iimori et al. 1982; Ida et al. 1982) .
By measuring the brain levels of serotonin (5-HT) and its major metabolite, 5-hydroxyindoleacetic acid (5-HIAA) , it has been reported that immobilization stress caused increases in 5-HT turnover in the rat whole brain (Tanaka et al. 1974) and in the diencephalon, amygdala and cerebral cortex in rats (Tanaka et al. 1975) . However, Morgan et al. (1975) have reported that immobilization stress induces significant increases in the content of 5-HIAA and the turnover rate of 5-HT in the cere- 35 TANAKA, ET AL.
bral cortex but not in four other brain regions, including the diencephalon. The results on the diencephalon are not consistent with our previous report.
The present study was undertaken, by simultaneously measuring the brain levels of 5-HT and 5-HIAA, to investigate changes in 5-HT turnover induced by immobilization stress in a larger number of brain regions than our previous study (Tanaka et al. 1975) . Further, the effects of immobilization on regional 5-HIAA levels were determined during blockade of the active transport of 5-HIAA from the brain with probenecid (Neff and Tozer, 1968 
Results
Plasma corticosterone levels were significantly elevated after 30 min of immobilization stress and were maintained at the elevated levels for up to 120 min of stress ( Fig. 1) .
The brain 5-HT levels were virtually unaffected by immobilization stress in the regions examined with the exception of an increase in 5-HT in the amygdala after 30 min of stress (Figs. 2-4). The amine levels tended to increase in the hypothalamus and amygdala after 120 min of immobilization stress (Figs. 2 and 3).
Thirty min of immobilization stress induced significant increases in 5-HIAA in all the brain regions examined except the thalamus (Figs. 2-4 ). In the hippocampus and pons+med. obi., the significant increases in 5-HIAA levels were still observed after exposure to 60 min of immobilization stress, however, the metabolite levels were unaltered in other 4 brain regions at 60 min. After 120 min of immobilization stress, no statistically significant changes in 5-HIAA levels were observed in the brain regions examined except the pons+med. obi., where the 5 -HIAA level still significantly elevated at this time.
The probenecid study gave virtually the same results as the first study (Figs. 5-7) . With 30 min of stress, the immobilized rats with probenecid had significantly higher 5-HIAA levels in the hypothalamus, thalamus, amygdala, hippocampus and pons+ med. obl. as compared to the levels in nonstressed rats with probenecid.
Thirty min of immobilization stress tended to cause significant increases in 5-HIAA levels in the cerebral cortex. The 5 -HIAA levels in the thalamus and hippocampus of the stressed rats were significantly elevated even after 60 min and 90 min of exposure to stress as compared to those in rats treated with probenecid alone. However, no significant differences in 5-HIAA levels between probenecid alone and stress with probenecid groups were observed in 4 other brain regions after either 60 min or 90 min of immobilization stress.
By utilizing these results, the slope and y intercept of the best fit line for the accumulation of 5-HIAA after probenecid administration was determined by the least squares method for the control (probenecid alone) and for the stressed rats. Only the slopes calculated are indicated in Table 1 . According to this procedure, the slopes were markedly greater in the thalamus and hippocampus of stressed rats than in controls. There seemed to be no differences in the other 4 brain regions.
Discussion
The present study demonstrates that immobilization stress can cause significant increases in 5-HIAA levels in the hypothalamus, amygdala, hippocampus, cerebral cortex and pons+reed. obl. in rats. These findings were confirmed in the probenecid study, which also indicated that stress caused significant increases in the metabolite levels in the thalamus.
The results are consistent with the previous studies (Nistico and Presiosi, 1969; Curzon et al. 1972; Tanaka et al. 1974; 1975; Morgan et al. 1975; Mueller et al. 1976) .
In contrast to these metabolite changes, 5-HT levels were unaffected in most of the brain regions examined except slight increases in 5-HT levels in the amygdala at 30 min. These results are also consistent with previous reports (Curzon et al. 1972; Tanaka et al. 1974; 1975; Morgan et al. 1975) .
These findings suggest that immobilization stress increases 5-HT turnover in many brain regions in rats. A variety of stressful stimuli can induce increases in 5-HT turnover in the rat brain (Thierry et al. 1968; Nistico and Presiosi, 1969; Curzon et al. 1972; Tanaka et al. 1974; 1975; Morgan et al. 1975; Mueller et al. 1976) .
However, results on regional changes in 5-HIAA levels or 5-HT turnover indcued by immobilization stress are conflicting. Morgan et al. (1975) reported that significant increases in 5-HT turnover are produced by immobilization in the cerebral cortex but not in the diencephalon. Mueller et al. (1976) have found that restraint stress causes time-related increases in hypothalamic 5-HT turnover. Some of these discrepancies seem to be due to differences in methods and/or duration of the immobilization stress. In most studies, longer peniods of immobilization were employed than in the present study. Since 5-HT has a higher turnover rate than NA (Smith et al. 1978) , it is important to investigate the effects of relatively short periods of immobilization stress.
The present study revealed that increases in 5-HIAA levels occur within 30 min in the hypothalamus, amygdala, hippocampus, cerebral cortex and pons+med. obl., however, thereafter no significant increases in 5-HIAA levels were observed in these regions excluding the hippocampus and pons+med. obi. These findings suggest that the onset of increases in 5-HT turnover by immobilization stress is rapid and the increase is transient in most brain regions. This is different from the response of brain noradrenergic neurons to stress. The levels of the major metabolite of brain NA, 3-methoxy-4-hydroxyphenylethyleneglycol sulfate (MHPG-SO4) were significantly increased even after 60 min or 120 min of immobilization stress (Tanaka et al. 1982a; 1982b) . The response of brain serotoninergic neurons to stress appears to be different from the response of noradrenergic neurons to stress. Noradrenergic neurons in the hypothalamus, amygdala and thalamus respond to stress early, but neurons in the cerebral cortex and hippocampus respond later and those in the basal ganglia much later, and those in the pons+ med, obi. continuously (Tanaka et al. 1980 ). These regional characteristics observed in the noradrenergic system seem to also occur in the serotoninergic system ; stress-induced increases in 5-HT turnover occur rapidly and transiently in the hypothalamus and amygdala and those in the hippocampus and pons+med. obl. continuously. These changes may be characteristic of the region, which may be closely related to the function of the region during stress.
The probenecid study confirmed these findings. However, when the data were analysed by the slope of the best fit line for the accumulation of 5-HIAA after probenecid, only the thalamus and hippocampus had marked increases in the 5-HT turnover rate. In the other regions where TANAKA, ET AL.
the 5-HIAA increases occur rapidly and transiently, the increases seem to be unsuitable. This is one explanation for the discrepancy between our results and the results of Morgan et al. (1975) where immobilization stress did not affect 5-HT turnover in the diencephalon. This is further suggests that even if the accumulation of 5-HIAA by probenecid in non-stressed rats is linear until 90 min, this relationship might not be correct when the animal is treated with probenecid and stressed. Moreover, in their study, the probenecid injection was made after 60 min of immobilization but at the same time as the exposure to stress in our study. If the rats were immobilized for 60 min and then probenecid was injected, increases in 5 -HIAA levels occurring rapidly and transiently could not be detected after the probenecid injection. Further, the method of dissection was different.
In this study, the diencephalon was divided into the hypothalamus and thalamus. From the present study, we consider, as reported by Mueller et al. (1976) , that the hypothalamic 5-HT turnover is also increased by immobilization stress.
Recently, an involvement of 5-HT in the regulation of the hypothalamic-pituitary-adrenocortical system has been suggested (Vernikos-Danellis et al. 1977) . Serotoninergic neurons may be involved in facilitation of corticosterone release in rats (Steiner and Graham-Smith, 1980) . Serotoninergic systems may facilitate the release of corticotropin-releasing factor (CRF) (Popova et al. 1972; Jones and Hillhouse, 1977; Jones, 1978) and the release of ACTH (Fuller et al. 1976 ). The immobilizationinduced-increases in 5-HT turnover in the hypothalamus may be related to a stimulatory action of the serotoninergic system on the secretion of CRF or ACTH.
In conclusion, the present study demonstrates that immobilization stress can cause increases in 5-HT turnover in the several brain regions of rats, however, these changes are more rapid and transient than method for the simultaneous determination of
